ABSTRACT Photolysis ofthyroxine and its analogs in the near UV permitted synthesis in good yield of picogram to gram quantities of thyroid hormone metabolites. Preparation of the same metabolites by classical chemical synthesis requires multistep procedures. Specifically labeled metabolites of high specific activity (e.g., those carrying the label in the nonphenolic ring) were obtained by photolysis of appropriately labeled thyroxine or 3,3',5'-triiodothyronine (reverse triiodothyronine). Some ofthese labeled metabolites, which are required for metabolic studies (3-iodothyronine and 3,3'-diiodothyronine, labeled in the nonphenolic ring), had not previously been obtained by other methods. Irradiation of thyroxine and reverse trijodothyronine. in 150 mM methanolic ammonium hydroxide with >340-nm light caused removal of one iodine atom from the phenolic ring with formation of 3,5,3'-triiodothyronine and 3,3'-diiodothyronine, respectively. Irradiation with higher-energy light (>300 nm) led to stepwise removal of additional iodine atoms. Those in the phenolic ring were removed preferentially, so that 3,5-diiodothyronine and 3-iodothyronine, respectively, were formed. The iodine atoms in the nonphenolic ring were lost more slowly. Tetraiodothyroacetic acid followed a similar photodeiodination pattern. Photolysis with light in the near UV is a simple method for the synthesis of thyroid hormone metabolites.
Since photolysis of the thyroid hormones thyroxine (T4) and 3,5,3'-triiodothyronine (T3) with short-wave UV light causes rapid and extensive deiodination as well as diphenyl ether splitting (1, 2), we have investigated photolysis in the near UV. Use of this lower-energy light permitted study of the kinetics of the photodegradation ofT4 and analogs ofT4. These kinetics made it possible to devise a simple procedure for the synthesis ofvarious thyroid hormone metabolites by photolysis. Both unlabeled and specifically labeled metabolites were prepared.
MATERIALS AND METHODS
3'-Iodothyronine (3'-T1) and 3,3'-diiodothyronine (3,3'-T2) were synthesized by iodination of thyronine and 3-iodothyronine (3-Tl), respectively. Thyronine, 3-T1, and 3',5'-diiodothyronine (3',5'-T2) were gifts from Paul Block, Jr. All other iodoamino acids and desamino analogs were obtained from commercial sources in the form of the free acids.
[125I]T3 and [125I]T4 labeled exclusively in the phenolic ring (carrier-free) were from New England Nuclear. [ 'mI]T4 ofhigh specific activity labeled exclusively in the nonphenolic ring was synthesized as described (3) 
3,3',5'-[125I]Triiodothyronine ([1'I]rT3) of high specific activity labeled exclusively in the nonphenolic ring was synthesized as follows. Tyrosine (3 mg) in 10 ,ul of 15 M ammonium hydroxide and 5 ml of 0.1 M sodium phosphate (pH 7) were thoroughly mixed and then centrifuged. To 100 Al of the clear supernatant (pH 7.5) was added carrier-free Na 25I (==50 uCi; 1 Ci = 3.7 X 1010 becquerels) and then 10 ,ul of a freshly prepared aqueous solution ofchloramine T (4 mg/ml). The reaction was stopped after 2 min by addition of 10 ,ul of sodium metabisulfite (a 1:10 dilution of a saturated aqueous solution). The reaction mixture was fractionated by HPLC as described below for the analysis of irradiated solutions. The combined 3,5-diiodotyrosine-containing fractions were desalted (3) and then evaporated. The residue was treated with 4-hydroxy-3,5-diiodophenylpyruvic acid as described for the synthesis of[3,5-125I]T4 (3) except that the pH was adjusted to 8.5 instead of 7.6. After fractionation of the reaction mixture on an AG50W-X4 column (1), the combined rT3-containing fractions were desalted (3) and then evaporated. ( (Fig. 1) the higher-energy light, virtually all T4 was converted to 3,5-T2 and 3-T1 after 20 min while, with the lower-energy light, the major photodegradation product after the same period of time was T3.
Photolysis of rT3. The kinetics of the photolysis of rT3 are shown in Table 2 . As in the case of T4, deiodination took place almost exclusively in the phenolic ring. The primary and secondary photodegradation products were 3,3'-T2 and 3-T1, respectively. The latter was resistant to further deiodination by >340-nm light while >300-nm light caused slow deiodination to thyronine as observed in the photolysis of T4.
Photolysis of 3,5-T2. 3,5-T2 is hardly affected by >340-nm light. Irradiation with >300-nm light led to removal of one iodine atom, followed by slower removal of the second one. The kinetics of these deiodinations, as observed in a large-scale experiment, are shown in Table 3 . Photolysis of 3,5-T2 for 2.5-3 hr gave 3-T1 in 67% yield. Hence, the synthesis of 3-T1 by photolysis compares favorably with that by chemical methods (6) Tables 1 and 2 for the corresponding unlabeled compounds.
DISCUSSION
Advantages of the photolytic method of preparing thyroid hormone metabolites are its simplicity and the possibility of synthesizing several metabolites in a single photolysis run. One or the other of these can be obtained preferentially depending on the light filter used and the irradiation time. The various metabolites are easily separated from each other by HPLC, which also can be used for the isolation of small amounts of chromatographically pure metabolites. Another advantage of the photolytic method is that it is equally applicable to the photolysis ofsmall and large amounts (picograms to grams) ofiodothyronines.
Furthermore, certain specifically labeled iodothyronines of high specific activity, which are required for metabolic studies, can be prepared by photolysis. Thus, 3-T1 and 3,3'-T2, labeled exclusively in the nonphenolic ring, were obtained by photolysis of similarly labeled rT3. Photolysis of T4 labeled in the nonphenolic ring also gave labeled 3-T1, together with labeled 3,5-T2. When the photolysis was carried out using a filter that eliminates virtually all <340-nm light, the major photolysis product was T3 labeled exclusively in the nonphenolic ring. Synthesis of this compound by photolysis is simpler than the previously reported one by chemical methods (7), which re-A quires more steps.
While the kinetics of the photodegradation of various io- (Fig. 1) , the structure of the photodegradation products produced is greatly influenced by the nature of l the solvent. When hydrogen-donating solvents such as aliphatic 0.5 _l alcohols were used, stepwise deiodination took place almost l exclusively and only small amounts of unknown products were >300  15  2  7  6  36  30  4  >300  20  1  3  3  30  35  6  >300  25  0  1  2  24  39  10  >300  30  0  0  1  18  40  13  >340  20  35  40  4  5  1  0  >340  40  13  42  9  13  4  0  >340  60  5  34  12  20  7 Biochemistry: van der Walt and Cahnmann To   MIT  >300  1  88  12  0  0  0  >300  5  43  35  15  1  2  >300  10  16  34  36  4  3  >300  15  6  21  50  8  5  >300  20  3  10  53  13  7  >300  25  1  5  49  21  5  >340  20  34  50  5  0  2  >340  40  12  56  15  1  4  >340  60  4  18  25  2  4 Yields were determined as in Table 1 formed. Irradiation of T4 or an analog of T4 in the near UV causes homolytic fission of a C-I bond. The iodothyronine radical thus formed abstracts a hydrogen atom from the solvent to form a C-H bond (see ref. 8). The photolyses described in this communication were carried out in methanol containing 1% concentrated ammonium hydroxide. When acetonitrile (which is not a hydrogen-donating solvent) containing 5% 150 mM methanolic ammonium hydroxide for better solubility was used, stepwise deiodination took place at a slower rate and a large number of unknown products was formed. In water or aqueous buffer at neutral or alkaline pH, photodegradation took an entirely different course. Although T4 was degraded rapidly, numerous unknown products were formed and virtually no known metabolites ofT4 were present in the photolysates.
Various other solvents were tried (methanol acidified with concentrated hydrochloric acid, 98% formic acid, dimethyl sulfoxide, 1-propanol/1% ammonium hydroxide), but none gave as good yields of T4 metabolites as 150 mM methanolic ammonium hydroxide. Neither changes in temperature between 2°C and 30°C nor exclusion of oxygen by nitrogen bubbling appreciably altered photolytic degradation patterns.
Although, in alkaline methanol, iodine atoms are removed from both rings of iodothyronines or their desamino analogs, This means that deiodination can, through proper choice of substrate, light filters, and irradiation time, be controlled in such a manner that a desired thyroid hormone metabolite can be obtained in optimal yield. Thus, photolysis of T4 or T4 analogs in the near UV promises to become the method of choice for the synthesis of unlabeled or labeled metabolites that are difficult to prepare by chemical methods.
